Composition spread alloy films (CSAFs) are combinatorial materials libraries that contain broad, continuous composition ranges of binary or higher-order alloys on a single, compact substrate. When characterized for composition and functional properties using spatially resolved methods, CSAF libraries enable rapid determination of composition-property relationships across broad continuous regions of alloy composition space. In this report, we describe the design and operation of a novel offset filament deposition tool for preparation of CSAFs. The spatial distribution of individual alloy component fluxes to the substrate surface, and thus the film composition across the substrate, is controlled by the location and temperature of chemically distinct evaporative line sources. The tool can be used for quantitative deposition of thin ( 100 nm) CSAFs with up to four components. The authors demonstrate the performance of the tool by applying it to preparation of 100 nm thick Pd-Cu CSAFs, with lateral composition gradients that span the range Cu 0.05 Pd 0.95 to Cu 0.95 Pd 0.05 , on a 12 mm diameter Mo(110) substrate.
I. INTRODUCTION
The conventional approach to establishing compositionproperty relationships in multicomponent materials is to prepare and carefully characterize a series of single-composition samples. However, sampling complex, multidimensional composition spaces with high resolution can be both timeand cost-prohibitive. High throughput approaches, based on preparation and parallel characterization of combinatorial materials libraries, have been developed to accelerate the process of materials discovery and optimization. 1, 2 Such methods are equally well applied to fundamental scientific problems in surface science and materials science that require the measurement of properties across broad, continuous regions of composition space. As an example, surface segregation in A x B 1-x, alloys, which is of considerable technical interest for applications as diverse as catalysis and corrosion control, is usually characterized at only at a limited number of discrete compositions, in spite of the fact that a comprehensive understanding of segregation requires study across the entire composition space, x ¼ 0 ! 1. 3 Development of tools and methodologies for efficient preparation and property characterization of materials libraries provides a foundation for high throughput study of segregation and other phenomena in multicomponent materials.
The combinatorial approach has been successfully applied in several scientific domains. Combinatorial chemistry has long been used for discovery and optimization in pharmaceutical research. 4, 5 Combinatorial approaches have also resulted in discovery of new materials for applications as catalysts, polymers, superconductors, magnetic materials, structural materials, and coatings. [6] [7] [8] [9] [10] These methods have been applied to the study of a wide variety of materials properties including stress, hardness, and catalytic activity. [11] [12] [13] Design of the combinatorial sample library is a key to successful high throughput experimentation. The composition spread alloy film (CSAF) sample platform has been applied to high throughput study of inorganic materials. 6, 9, 10, [14] [15] [16] [17] The CSAF, shown schematically in Fig. 1 , is a sample library with a composition that is continuously variable across a single, compact substrate. For a ternary alloy, all possible compositions can be present on the surface of a single CSAF. For higher order alloys, the CSAF sample is a 2D surface cut through multidimensional composition space. Alternatively, preparation parameters can be controlled to zoom in on any 2D subspace of composition space. Spatially resolved measurements of composition and of functional properties across the CSAF surface enable rapid construction of compositionproperty relationships for both materials understanding and optimization.
Composition spread alloy films are typically prepared using a set of chemically distinct, single-component physical vapor deposition sources. There are several strategies for controlling the flux distribution at the substrate surface, and ultimately the lateral distribution in the CSAF composition, as shown in Fig.  2 . One approach to deposition of CSAFs, shown in Fig. 2(a) , uses sources that give a uniform flux of individual components to the substrate and a contact mask that slides across the substrate surface to vary the effective deposition time, and thus thickness, at different locations on the substrate. [18] [19] [20] Components are deposited individually in the form of wedges and intermixing is accomplished by subsequent annealing of the multilayer structure. A second and related approach, as shown in Fig. 2(b) , uses multiple sources operating simultaneously with shadow masks between the sources and the substrate. 17, [21] [22] [23] The masks shadow the substrate from portions of the source; thus varying the deposition flux across the substrate. The shadow mask approach has the advantage of allowing simultaneous deposition of multiple components, obviating the need for subsequent intermixing. A third method, as shown in Fig. 2(c) , is to use sources positioned at a) Author to whom correspondence should be addressed; electronic mail:
gellman@cmu. edu points that are offset relative to the substrate to give inherent gradients in their fluxes to the substrate surface. 16, 24 In this paper, we describe the design, operation and performance of a simple compact offset filament deposition tool for preparing CSAFs with up to four components. The tool has been developed over the past few years in our laboratory; in its current design, the tool is capable of repeatable, quantitative production of thin ( 100 nm) CSAFs on substrates that are up to $12 mm in diameter. The tool can be used to deposit metals that are evaporable at temperatures up to $1500 K and can produce fluxes that vary by an order of magnitude across the substrate surface. When component fluxes are equal at the center of the substrate, the composition of a binary CSAF can range from $A 0.05 B 0.95 to A 0.95 B 0.05 across the 12 mm substrate.
II. OFFSET FILAMENT CSAF DEPOSITION TOOL
A. Deposition geometry Figure 3 (a) is a schematic diagram that shows the deposition geometry of the CSAF deposition tool. Four chemically distinct line sources are located at positions near the substrate, but offset from its centerline. Conceptually, this is equivalent to the deposition method illustrated in Fig. 2(c) . With this arrangement, the flux to the substrate varies with distance across the substrate-deposition rates for a given component are highest at points closest to its source. The line sources, each 14 mm long, are positioned $4 mm from the edge and $5 mm above the 12 mm diameter substrate. As we will show later, the longer the line source relative to substrate dimensions, the more uniform the flux to the substrate in the direction parallel to the source. Distances from the line source to the edge of the substrate can be tailored to deliver a desired CSAF composition distribution. Each line source can contain a different evaporant and can be heated independently to different temperatures to control fluxes. The entire assembly is very compact and can be mounted onto a 2.75" CF flange.
B. Line sources
Quantitative deposition of the CSAF requires precise control of the geometry of the sources and the substrate, and uniformity of evaporant flux from each point along each line source. Maintaining constant temperature along the length of the line source is the key to uniformity and repeatability of evaporant flux. To achieve uniform temperature, we use thermal evaporative sources of our own design. The critical component if the line sources is the evaporant heating bar, shown in Fig. 4 . The heating bar is a 14 mm-long Mo tube (3.2 mm O.D. Â 0.9 mm I.D.) with a 0.5 mm slot along its outer edge into which the evaporant material is press fit. We typically use 0.5 mm diameter evaporant wires, but other dimensions or form factors should work equally well. The primary role of the Mo bar is to provide a thermally conductive mass that distributes heat along its length and keeps the entire source at a uniform temperature. The tube has been made from Mo or Ta to minimize the opportunity for alloying of the evaporant materials with the tube. 25, 26 The line sources are heated using a 0.38 mm diameter W or Ta wire located inside the Mo heating block and electrically insulated from the block by a ceramic tube (0. and other dimensions should work equally well. In operation, the W or Ta wire is heated resistively. The ceramic tube prevents current from passing through the source block, and thus minimizes the power needed to achieve the desired source temperature.
C. Line source mounting block
The second requirement for repeatable, quantitative deposition is precise location of the line sources with respect to one another and with respect to the substrate. The four line sources are mounted onto a water-cooled Cu mounting block [ Fig. 5(a) ]. They are oriented in a square configuration, as shown in Fig. 3 , such that they are $4 mm from the edge of the 12 mm substrate and $5 mm in front of the substrate surface. Heater wires are spot welded to pairs of thick (0.76 mm diameter) Ta posts. The Ta posts pass though ceramic tubes embedded into the Cu block. Four thermocouple pairs, insulated by ceramic tubes, also pass through the mounting block. The thermocouples are spot welded to lines sources' evaporant bars; they are used for temperature control of the individual line sources during deposition of the CSAF. We have used type K, R and C thermocouples to evaporate Cu, Pd and Au. Types R or C are preferred because we observed partial evaporation of type K thermocouples at temperatures of $1500 K. The Cu mounting block has a water inlet/outlet on the bottom side to allow cooling during operation.
The original design of the mounting block included shields that shadowed the four line sources from one another to prevent cross-contamination. We have found; however, that these shields are not necessary for the deposition of Cu, Pd and Au. The deposition tool is built on a 2.75" CF cluster flange with five 1.33" CF mini-flange ports. The central (onaxis) mini-flange is used for the tube that supports the source and provides cooling water to the Cu mounting block. The four other mini flanges are used for thermocouple and power feedthroughs. The 2.75" cluster flange can be mounted directly to a 2.75" CF flange on a standard UHV chamber [ Fig. 5(b) ] or to a small manipulator to allow precise positioning of the tool within the chamber.
D. Line source temperature control
Line source heater wires are connected to programmable power supplies (Lambda GENH 8-90-U) and their temperatures are controlled by LABVIEW software. Using the materials and the mounting geometry described above, we find that heating to temperatures in the range 1300 -1500 K requires input power of 10 -20 W per line source.
Operation of the CSAF deposition tool requires heating of the individual line sources to temperatures that deliver the desired deposition rates across the substrate surface. For example, deposition of an alloy with equal compositions of all components (A 0.25 B 0.25 C 0.25 D 0.25 ) at the center of the substrate requires the identification of four different line source temperatures that yield equal fluxes at the center of the substrate. To access a specific subspace of composition space, the line sources can be operated at temperatures that deliver different fluxes.
Before use for deposition, the CSAF deposition tool requires extensive degassing in vacuum to eliminate the deposition of contaminants onto the substrate. This requires heating of the line sources for long time periods ($5 hs) at temperatures comparable to or greater than those being used for CSAF deposition. It is important to note that the compact geometry of the source and the proximity of the offset filaments to the substrate induce non-negligible heating of the substrate by 100 -150 K during deposition. Of course, the temperature rise will also depend on the method used to mount the substrate and its cooling efficiency.
III. MODELING OF LINE SOURCE CHARACTERISTICS
The preparation of a CSAF requires deposition of the individual components with flux gradients across the substrate surface. In our offset filament design, source-substrate geometry creates the flux gradient-points closer to the line source receive higher evaporant flux than those far from the source. A single source creates a film of variable thickness across the substrate. Two or more such line sources create an alloy film with variable composition across the substrate. Films can also be made with both composition and thickness gradients across the substrate.
The flux at a given point on the substrate from a given point on the line source depends upon the distance between them as shown in Fig. 6 . Only the perpendicular component of flux at the substrate surface contributes to the film deposition rate. The total flux at any point (x 0 , y 0 ) on the substrate is obtained by integrating over the entire length (L) of the line source. 
In this equation, R * y; x 0 ; y 0 ; A; B ð
Þis the vector between a point (x 0 , y 0 ) on the substrate and a point at position y along the line source which is located at a distance B from the edge of the substrate and positioned at a height A above the substrate plane. The termẑ is the unit vector normal to the substrate surface, and the dot product, R * Áẑ, incorporates the angle dependence of the flux into equation 1. For an infinite length line source, the flux at the substrate is ! R À2 min where R min is the minimum distance between the point (x 0 , y 0 ) on the substrate and the line source, R min ¼ jR * y 0 ; x 0 ; y 0 ; A; B ð Þ j . A line source in this configuration creates a flux gradient across the substrate in the x direction with minor variation in the y direction. Figure 7 (a) displays the calculated relative flux gradient across a 12 mm x 12 mm square substrate from a 14 mm long line source located at A ¼ 5 mm above the substrate and B ¼ 4 mm from the edge of the substrate as shown in Fig. 6 . The flux variation in the y direction depends on the length of the line source (L) relative to substrate dimensions; for the hypothetical case of an infinite line source, the flux does not depend on y. As expected, because the source has finite length, the flux at any constant value of x [ Fig. 7(a) ] varies in the y direction with a maximum at the center of the substrate (y ¼ 0). Figure 7(b) shows the composition profile that results when two opposing line sources are operated such that the deposition rate from each is equal at the center of the substrate. The composition at constant x [ Fig. 7(b) ] is fairly insensitive to y, however, the total film thickness varies by $20% from the center of the substrate towards the edges in the y direction.
The spatial distribution of flux across the substrate and, therefore, the details of CSAF composition, can be varied by changing the source-substrate geometry. Figures 8(a) and 8(b) show the relative fluxes across substrate through its center point in the x and y directions, respectively, for different deposition geometries. The solid lines represent the "base case" FIG. 6 . (Color online) Deposition geometry for a single line source; x is the gradient direction, y is the direction parallel to the line source and z is the direction normal to the substrate. The line source is placed at a distance A from the substrate in the z direction and a distance B from the edge of the substrate in the x direction. R is the distance between any point on the line source and any point (x 0 , y 0 ) on the substrate. h is the angle between R * andẑ. Fig. 8(a) show flux across the substrate in the x direction as the offset between the line source and substrate is varied. The dotted lines in Fig. 8(b) shows the variation in flux as the length of the line source changes. As expected, flux is less sensitive to the y-location as the source becomes long relative to the width of the substrate.
IV. CSAF SOURCE OPERATION A. Calibration of deposition rates
The offset filament deposition tool is housed in an ultrahigh vacuum chamber that we have described previously. 3, 27 The chamber is equipped with a monochromatic x-ray source (VG Scientific), a He þ ion gun (Specs IQE 12/38), and an energy analyzer (Specs PHOIBOS 150MCD) for characterization of near surface composition by x ray photoemission spectroscopy (XPS) and top surface composition by low energy ion scattering spectroscopy (LEIS).
In the examples presented here, we have deposited single component Pd and Cu wedges and Cu x Pd 1Àx CSAFs onto the surface of a 12 mm diameter Mo(110) single crystal using 14 mm long Pd and Cu line sources located $5 mm above the substrate (A) and $4 mm offset from the edge of the substrate (B) [Fig. 3(b) ]. Before deposition, the substrate was cleaned by annealing at 1300 K in atmosphere of oxygen ($10 -8 Torr) followed by cycles of Ar þ ion bombardment at 300 K and annealing to 1300 K until C and O surface contaminants were less than $15 at. %. The Pd and Cu line sources were degassed by heating at 1200 K for $5 hs to remove any contaminants present on the Mo evaporant holder.
For quantitative deposition, the line sources must be calibrated individually by measuring their deposition rates as functions of location on the substrate surface. We performed the calibration by sequential deposition of a single component gradient at constant line source temperature. After each deposition cycle, XPS was used to characterize surface composition at a number of specific locations. The film thickness increased with each deposition cycle and the process was repeated several times until the substrate signal was almost undetectable using XPS. Figure 9 shows the Pd and Mo XPS signals at the center of the Mo substrate as a function of Pd deposition time at a source temperature of 1400 K. The increase of the Pd signal and decrease of the Mo signal during deposition can be fit to an exponential Pd growth and Mo decay model 28 :
where I Pd and I Mo are the Pd 3d 5/2 and Mo 3d 5/2 XPS intensities, I
1 Pd is the intensity observed from pure (infinitely thick) Pd, I
1 Mo is the intensity from the clean Mo substrate, t is the deposition time, k Pd ¼ 2.01 nm is the mean free path of Pd 3d 5/2 photoelectrons in Pd, k Mo = 2.15 nm is the mean free path of Mo 3d 5/2 photoelectrons in Pd, h is the angle at which the analyzer collects the photoelectrons, and r Pd is the Pd deposition rate. 28 The curves in Fig. 9 show the best fits of these equations to the Pd and Mo XPS intensities, yielding Pd deposition rates of 0.070 6 0.005 nm/min and 0.078 6 0.005 nm/min from the Pd and Mo XPS signals, respectively. Similar analyses (not shown) were performed at other locations on the substrate surface and for Cu deposition.
For simultaneous deposition of multiple components, it is important to determine the deposition rate from each source as a function of its operation temperature to choose source temperatures that deliver the desired relative deposition rates. This approach can be used to control the specific composition range of the CSAF. For example, a co-deposited binary alloy with equimolar composition, i.e., A 50 B 50 , at the center of the substrate can be obtained, if the two line sources are operated at temperatures that deliver the same deposition rate at that point. Figure 10 shows the deposition rates for Cu and Pd at the center of the Mo(110) substrate as functions of temperature. The solid line represents the best fit of the HertzKnudsen equation to the measured deposition rates. [29] [30] [31] The Hertz-Knusden equation relates evaporation rate to vapor pressure, temperature and atomic mass of the metal. The deposition rate is a fraction of the evaporation rate and is determined by the deposition geometry.
B. Deposition of a Cu x Pd 12x CSAF
Finally, we demonstrate the performance of the offset filament tool for preparation of a binary Cu x Pd 1Àx CSAF. The tool was configured with Pd and Cu line sources placed on opposite sides of a 12 mm diameter Mo(110) substrate, as shown in Fig. 3(b) . A 100 nm thick Cu x Pd 1-x CSAF was codeposited by operating the Cu line source at 1230 K and the Pd line source at 1415 K, represented by the dotted line in Fig. 10 . These temperatures were chosen to give similar deposition rates for both metals at the center of the substrate. The bulk composition of the Cu x Pd 1Àx CSAF at specific locations on the substrate, expressed as fractional molar Cu content, was calculated from the Cu and Pd deposition rates:
In this equation, r Cu and r Pd are the deposition rates of Cu and Pd at the location of interest on the substrate surface, q Cu and q Pd are the molar densities of Cu and Pd, and x is the bulk mole fraction of Cu in the CSAF. By comparing the bulk composition calculated from Eq. (4) with the results obtained from the model for the source operation described in Sec. III, we can validate the performance of the deposition tool. Figure 11 displays the Cu composition profile of the Cu x Pd 1Àx CSAF. The symbols (n) represent the Cu compositions in the bulk obtained from equation 4 using experimentally measured deposition rates. The lines represent the composition profiles estimated from the model for two different cases of substrate-source geometry. The solid line is the composition profile expected for a substrate positioned at the nominal design geometry (A ¼ 5 mm, B ¼ 4 mm). At the nominal geometry, the model matches the measurements reasonably well, with small under-prediction of x at high x and over-prediction at low x. The dashed line is the best fit of the model to the data using A and B as adjustable parameters. With A ¼ B ¼ 3.5 mm, agreement between the model and experiment is excellent; the small difference between the two cases likely reflects uncertainty in our alignment of the substrate and the tool; we continue to refine our procedures to improve the accuracy of substrate placement. . In other words, the molar ratio of the components in the film varies by a factor of $400 across the CSAF. The spread of composition can be increased beyond $0.05 to 0.95 simply by choosing a slightly larger diameter substrate. The wide composition range is a result of our choice of line source operating temperatures that deliver similar Cu and Pd deposition rates. By changing the source temperatures, i.e., by changing relative deposit rates, we can choose to deposition CSAFs that span different regions of Cu x Pd 1Àx composition space.
Given the capacity of four line sources in the offset filament CSAF deposition source, it is possible to use this tool for preparation of ternary or quaternary CSAFs. Figure 12 illustrates the composition spread of a Cu x Au y Pd 1ÀxÀy ternary CSAF. These concentration maps were obtained from a 13 Â 13 array of spatially resolved (200 lm) XPS spectra obtained using a ThermoFisher ThetaProbe The offset filament deposition tool described in this work has a number of advantages over the methods illustrated in Fig. 2 for use in depositing CSAFs on small ($1 cm dia.) substrates. The lack of moving parts simplifies operation over the sliding contact mask [ Fig. 2(a) ] and allows deposition of multiple components simultaneously. The fact that the sources are lines allows them to be positioned very close to the edge of the substrate without the need for a shadow mask [ Fig. 2(b) ] to create the flux gradient across the substrate. This results in a very compact geometry; the entire source size is $4 Â 4 Â 2 cm 3 mounted at the end of a water cooling tube that passes through a 2.75" conflate flange. Furthermore, the line sources eliminate the need for precise alignment of three separate objects: source, shadow and substrate. Conceptually, the line source deposition tool is similar to the method illustrated in Fig. 2(c) . The fact that the sources are lines subtending very small angles in the direction along the substrate normal, allows them to be positioned close to the substrate while still giving a high flux gradient.
Needless to say there are limitations to the offset filament tool design. It is not appropriate for deposition of CSAFs across very large substrates. This is largely because the small volume of material in the line sources (a single straight 0.5 mm dia. wire) limits the total volume of material that can be deposited onto the substrate. It is also limited in the nature of the materials that can be deposited to form the components of the CSAF. The sources have been operated at temperatures as high as 1500 K for extended periods of time (>10 hs); however, the materials appropriate for deposition using these line sources must have vapor pressures high enough to yield useful fluxes at the center of the substrate (>0.1 nm/ min) at temperatures below their melting points. Nonetheless, this includes quite a few elements among the alkali earths, first row transition metals, and noble metals.
V. CONCLUSION
A simple, compact tool for deposition of CSAFs has been developed and demonstrated. Spatially resolved x ray photoemission was used to calibrate the deposition rates from Cu and Pd evaporative line sources. 100 nm Cu x Pd 1Àx CSAFs were prepared to demonstrate the performance of the deposition tool. Experimental measurements of compositions across the CSAF surface match those predicted by a simple model for the fluxes from the line sources to different locations on the substrate. Using deposition conditions that generate a Cu 0.5 Pd 0.5 alloy at the center of the substrate yields a binary CSAF that spans the composition range from Cu 0.05 Pd 0.95 to Cu 0.95 Pd 0.05 . CSAF libraries prepared using this deposition tool will enable rapid determination of composition-property relationships across continuous regions of alloy composition space. 
